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The Need for an Expanded Definition of Glistening Surface

1. leti ore iinotic signals s(~, tt( vid f rum rouah terrain include cntini~

1*II,' Lit! t't r( hirn mid 1U It jp toi I ct IIrn. Th Ilese two aspects can be ciescrIihI '

rtc 'it p ii)pe Iies ')f tlie t( rrain sich as the probabilitv density finction

j'I to .* na I lAc height ch -t ribuiitjn. t tie cova riance matrix H,. the ). i rjance in

c c i-i,_ it, and the complex dielectric' constant cila racte riz ing the su rface 11 e

1:.' fln. I'l mwt( 1 luts themmrktica I flod(2is c4 El\ wave scaitterind from ro(ugh sur

t cco- all relatc the norma i (zd cross section of to rrain to the foregoing

fht. i r, icn A' 4c, tte rim,, roni te rvr,in is at )rii r' intL-rest ajt IAI):M LC

Icr i ~hn riuribor '4 iridrls d4.loped whicit ha;if repre-sented the

2 onon ml kt'rin theL Sca ttterlna in ditfe rent wavs. T'wo nilin elements conin~on

0th oiqut- ;Ie the des, ription -f ter ra in f('Jtui'05 bY thc use of staktistical

e-riatir~~~~~~~~tis Irei u u lcr mntcsAtering 1inrioril:ition that. incorporiltcs

I) tOht r5 4lIil , t Ifr t (r nc. cit-el boel, the'\ vI I no)t h,. Itt (I i e.



Extensive descriptions of the various statistical and electromagnetic models

can be found in earlier reporting. 6,7 In those models we have used the concept of

glistening surface" (that part of the rough surface from which reflected waves can

reach the receiver for a given position of the transmitter and receiver) as des-

cribed by Beckmann and Spizzichino. Their expressions for the length and width

of the glistening surface were derived by making certain assumptions about the

physical mechanisms occurring when EMl waves are scattered from a rough surface.

Some general discussion of the models will be outlined here; further details are

presented in Appendix A. A computer program has been developed which has the

capability of calculating the coherent (specular plus direct) and incoherent multi-

path power reaching a monopulse receiver from a beacon located over rough terrain.

Discussions of coherence and the methods for calculating the coherent and incoherent

power are given in Appendix A. The results that were obtained are discussed in

terms of comparisons with test results at the Discrete Address Beacon System
8(DABS) site. A geometrical representation of the experimental conditions is

shown in Figure 1.
9Bahar has obtained very general expressions for the normalized cross sec-

tions (O0) of rough surfaces using the full wave approach. ie has shown that when

the major contributions to the scattered fields come from regions of the rough

surface around the stationary phase points, tile full wave solutions reduce to the

physical optics solutions. In our models, the expressions for a' are based upon

the physical optics approximations.

When the surface heights are normally distributed, the expression for Go used
10 11 12in this study is one derived by Hagfors, Barrick, and Semenov. When the

surface heights are described more accurately by a bivariate exponential, then V

is given by an expression derived in Ruck et al. 2 Two previous studies 1 3 , 14 have

indicated that the surlace heights for certain terrain are better described by multi-

variate probabilitY density functions having bivariate exponential marginal densities.

This result colncs from the use of the hypothesis testing procedure (see Appendix A)

dt.veloped to char:icterize height data.

Another important aapect is the inclusion of the effect of local shadowing.
15-

Sancer's siiadowing function is used for normally distributed surface heights. An
4extension of Brown s work accounts for stladowing in tile case of exponentially

distr'tbltt'd .lz fe leighlts..'

(Due to thi. Ia irue number of referunces cit(,l above, thov wi l nit he list(d herc'.

* 4 :,.,'' rtt.-,pce: 5
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DIRECT SIUjNAL

SPECULAR MULTIPATH- X MONOPULSE RECEIVER
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TRANSMiTTER .~ -. ~ ~ --. RECEIVER

GLISTEN NG SURFACE IN THE PLANE OF THE EARTH

Figure 1. Specular and Diffuse Forward-Scatter From a Rough
Surface and a Representation of the Glistening Surface

1.2 'Ilw Probl~em

In the previous StudieS, the itse of the lBeckniatn-Spizzichino definition in the

application oif the models to the LJABS test conditions resulted in Linde rprediction of

the azimuthal angle u rce rta int.,. U. nd the associated diffuse power, particularlY

at short ranges. As ai result -e were led to an exam-ination of the length defini-

tion for such conditions. Az -in .0t rntj ye. we chose to consider the entire extent.

of the antenna sepa rztion as the suriface contributing to the received diffuse power.

The defining relations for- the two surfaces of integ ration are the following (see

Iigoitre 11:

F irst there is the# lengthi :i gkn avBcnn mtd Spi'.zichino. IThey deter-

m-ine the length bv cal culating thc lo ,a tion of the tv. u e-nd poi nts of the glistening

SurfaCC. I ()I ai 1on-.oL1CnCLL:; "U ti ce the distam o s fromn the endl points to the

trtrisliltter ind 1.,ivi -i , A hsd 'n vi, lrA)"cig' h ths (11 r I 1: I mid
a cotughtuess crjte riar (U 1' tief. (3 iS- Ifo' -urf wee !I ight r i;lnke t.td 1' is, the

*. Colt 2

I t 2 12f



In the extended length definition, the entire drat;ince along the surr:tce bt-t.teen tle

transmitter and receiver is included and, effectivelv. L 1 = I = 0. "0

For both cases, Beckmann and Spizzichino's definition of width (%k I of the

glistening surface is used:

2 2
X= t g in fro tans it. to river(

. D = total ground distance from transmitter to receiver,

X 1 = distance from transmitter to point on glistening surface,

X = distance from receiver to poit t on glistening surface. .

When the extended length vkas included in the model it was found that better

agreement with the experimental data could be obtained with this version. The

experimental data was taken by Lincoln Laboratory personnel at the Discrete

Address Beacon System (DABS) test site. The data used for comparison, bore-

sight azimuthal pointing direction as a function of range, has been processed to

remove the contribution associated with the fact that the mechanical and electrical

boresight directions do not coincide. The boresight pointing direction data was

divised into range bins and a local mean-azimuthal-pointing-direction was estab-

lished for each bin. Then, the standard deviation about the local mean was calcu-

lated. This standard deviation represents the azimuthal angular tncert:uiinty, v,

of their' nionopuisc .eceiing antenna. I} ollowing genecrally accepted usage, this

report contains three similar svoibols having distinct meanings. (;re shourld be

taken to distinguish ,., u , :nd (.,.

The angui a r uncertaintv incIrcases as the aMIrount of diffust Hl ltipath power

ente.ring the rtcivcr' tnceases. An expression relating U, to tre diffuse power

soa ttered int.) the receive r is given in ..'ppendix A. It includ,.a o ontrihulion.s fron

noise in the system.

i.ig tLrc 2 shows the difftU.e )w.4:r for tv two) theoreticAl :iin lels ind ti rer-ults

based on the experiment. fne terrain dat, base -illows cOnI pa i son oll for ratn-

less than 60 kn. The ,.xtended definition of the gIistenin sm'f, , provides bet,,e r

overall agreement with the experinental data,, pa rti ri rl iytor i' an,. le h r,1

-15 ki. I'r those ranr< s. the lI,(k i ,nn nind S i'rhi, Jfrnirhr ,ies h' r '

h. titA i t'.nrZ su l ' , . a ct Oxwlt ;.i a i ,'i e i- . 'I : - , I' .
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significant ar become narrower with peaks centered near the specular point loca-
tion. When the region over which o is large is not included in the glistening sur-
face, the result will be correspondingly small diffuse power contributions and
angular errors. A further point is that even for sufficiently large a2 values, there
are likely to be or contributions from the surface areas excluded by the Beckmann-

Spizzichino L and L values.

These various findings provided the motivation for a study of the implications

of using the conventional length definition and consideration of when it would not

be satisfactory.

10 7

T=158114
SPECULAR AT 35KM

5of RECEIVER AT ORIGIN
I

1A1
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F'or the :;tt-no-. tis stutiv Ae -I'da .-t wt ncmnal i')tnlitiofl which -

'W.-e us -d in tile -i s,*'v 1 ases. In; these reprt . "ta-ive cases we consider
hor-Logevenus surfacus wherte t:-e neivhts are ass uti ed t, have a bivariate exponen -

tiai dependence. The surfaces are c.onsidered to -,e cul'ivated terrain with c,)iplex

dieleri-rc constant: 80 19. 0. F~or i,(nsistenr-v v.ith the nonuniform dlata base

cases, these results are also terminated at a ranje of 55 kmi.

A wide range of results are presented. The first aspect is thle consideration

Mf the 2,enerality of the effects. lre-,Iupncv, pnlarizati:on, surface hei~lhr distribu-

tuon, qnArt antenna pattern are: all alI i)wAed to va rv. T he text tuic is 4 param etrc'

tudy v 11ustrating 'he factors '-ontrollinu the ne-1 -Jr) tLhc extende -Le'ni h. hn

some spte jatized (-onditi ins are ons ide red. I-; tiAliv, ;ie ove rall quenc tron is

s11sessed and addiitional topics .vhi,-h will be i nvesti gate .1 in the future are outlined.

2. GENERALITY OF T11ERIESULTS

Mlost of the cases treated in )u r main tulv xvolv'' cfminii. 's aup ropriate to

hi D)ABS experiment. In this first part of *:ie r( ;ort %i.e vi. L sthit ilthough thle

res;ults were first obtained for this condjint-, Ols.tey a,, ' * ntrit ic *- tlhem and

-!-lar hbehavior can lhe round 1 )r a . id,- t-An'i-- i dioa onudiiot;.

Int 1,tis Ott--ttin, h 1)11211 s i a t iiii t. .d t, t le mean

cht7 0. 0. deheiL"It 11, 12 i nm't~ 0f- -- ::4 Ow hYtt the re-

2. 1 S1rrta H ejiht I st riblit am fl

lh- !Ivp )tl ii-; !0 st4r r) t lu Ir, s e i- I ni !pt tI A %k: -i- to deter-

%-l'AI. !hi-' the tirrani 1i~-2 . at ite l)AHI '-, il, tite ric mtark- 1p -Oir a

hl' - -- h'c-o -ii V it or. :-44, nte t

1 - ! r ' !i t *o I... hi l 1: ' vy -in it :il.I'l 'n 1 1 1  I i a~ rf(seti( ___

t :)f-
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Figure 7. The Effect of Assuming Gaussian SurfaceHeights on uj) Behavior for Both Definitions, Uniform ":--

Surfact., " 158. 114 ni

p

Another set of results for at is presented in Figure 9 (horizontal polarization)

for the nonuniform surface (DABS data base) and various antenna height conditions.

The equivalent vertical polarization results are shown in Figure 10. Although

there is little effect when both antennas are close to the surface, there is some

when both are at a distance above the surface. The most significant change occurs

when the two antennas are at different heights. The extended length definition for

that case is considerably more affected than is the Beckmann-Spizzichino case.

The overall horizontal polarization behavior when the glistening surface is extended

is analogo,3s to the case for vertical polarization. Note that for all the antenna

configurations there is less azimuthal angle error for vertical polarization than

horizontal polarization.

16



PCLApIZATION EFMtC

N4 , IO0M

io-6 T

5 TANOARDl GLrSTENINC, S,-R LrE 'TANDARD GLISTENING SURFACE
1)8-ICR Z, -TA HORIZONTAL

VER'K:AL vRIA

S10,12

66
-~I- EXTENDED GLISTENING qJRFACE EXTENDED GLISTENING SURFACE

~ -r - HOR 20NTAL .
- - -VERTCAL--- -

-- HORIZONTAL
10 - - -VERTICAL

16 30 50 70 90o 0 30 50 70 90
RANGE (KM) RANGE (K(M)

j '1p8. The Effect of Polarization -;n Difrfuse Power Behavior for B~oth
l)Iijiog5 2  10 n 2 . T 100, 500 1,, with uniform surface and dual

AZIMUlTHaL F ROR (DEG) V, RANGE:KM)

E L EL

HA1 H220M H T 1220M
C~t02-

Sck) 40~ 5U

Figure f. Ih,! Effect of Horizontal Polarization
-) U~( Iehavio, for B~oth Definitions, [DA13S Site
Data, No Sh i . iwing



Figure 10. '1 he 1Effect ot
FRelative Antenna lie i guts onl '
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0? 0S 02 t EL Polarization With Both
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0 0
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A decrease in azimuthal pointing error implies better tracking accuracy, and

this asnect has been studied further. A computer program that simulates groundi

based radar detection and tracking of multiple targets was used to compare both

,Olarizations in termis of relative tracking perrormance. In the simulation, an MilI

radar is characterized as a one-dimensional rotatinR phased array with a three-

pulse clutter c-ancellation system. The automatic tracker includes an a- ,l filte r ; nd

has six-target maintenance capabilitv. The environmental aspects include ioo-

norm tativ dist ributed L~round clutter. Havlei_ gi distributed noi se, specula iiu' 10 ot

;inA terrain screening. Several track initiat ion and maintenance alyim-Ithlns a ro

empovedi. Monte Carlo techniquesa are used to calculate errors in canve and~ :.-ill Ic

('Ctim-ition or e~ach !arget a position.

I he resuljtc oif these simulations qhowk that. in general. the NITli i liar -

esoLJ.P.. initiate and maintain track on reult iple targLets when the i ncidont Hiel i

.o rticrally pots ri zet than when it is hurl zontailk polarized. This is Cound 1I i-dI- t

or '.d rious surface roughness parameters and severial values of -)w ple f xieltIr-t

cii~tant charate rizieg diffe rent c lasses of terrairc.
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'I'h lef hand ~ pai of grali shows- bot glsenn surface--~--- difs powe -

fgI'Ch ethadpi o ah shows b th glistening su rfac~e diffuse power resulto-tetofeunis

2it 2 10mad =10 n he generil siniilaritv is cleat.

2.4 Anlenna Palntrm Effects

In Figure 12 we show the diffuse scattered p~ow~er that resuilts when two alter-0

native elevation plane antenna patterns are substituted for- the DJABS configuration.

TIhe terrain is assunie.d to be a uniform surface and two levels of roughness arve

cons ide red. 71 500 11 with u 10 111 and u~ 2 1,00 111 M.Te figu re shows the in-

crease in diffuse power as a functioan of range when the glistening surface length is

extended for both an isotropic elevation plane antenna pattern aind a sin2- x pa tte rn.

It is clear that the results atre equivalent for either pattern. 'he corresponding set

of rer-ults for the DABS antenna pattern can be seen in Figures 13 and 14. 111 those

iigures the right hand side illustrations are the diffuse sCatt(-red power- results for

the conventional and the extended lengths respectively. Although these ranges ter-

minate at 55 km., it is evident that the same results are present in this instance us4

occurred for the other two patterns.

ANTENNA PATTERN EFFECTS

(SIN X)%PATTERN iSOTROPiC PATTERN

STAN.DARD GLSTENING SURFACE STANDARD GUSTENING SURFACE
Kr 12 s IOM? -T~2 v O2

I~rI- 4 4- - -

I _ _

10~ EXTIENDED GLISTENING SUFACEEXNDDGSNI AFC

u2-10m 2 ad210 2
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1 igurc 13. Diffuse Powe r and a Behavior for the Ciase of
Beckmuann and Spizzichino Lcngtg 13h Definition. T= 500 mn
and No) Shadowing4

AZIMu7HAL ERRR (DEG, 'VS RANGE (OA, DIFFJSE POWER (WATTS) VS RANGE (KM)
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'on pl)(Iet the discuIssion for i* 5v00 ill, %%c want to consider xtihether there

is .in%- significant diffe-rence in tfit effec t of local shadowing when the altertnative

de-fllitions of the glistening so Itace length are used in the mocdel. There is no
9

t'ffec t Ofl dIiffuSe po rOr ang ulaCt' erot' When 0a < 100 Ill- for either definition.

2 10 2n . th'U a slight decrCease in (1 fo * '30 kml. This can be

scibyv conp., ing I- igurct 15 w%-ih the corcesponding cases in I iguies 1:3 and 14.-

!ni i~ ''u trisstent w%-ih the expectation that the i'ffC~tS of shadowing would becomec

iote'L pronounkcd as (1 increa-ses, since this corresponds to increasing the surface

Vt uiQMicnant d iffc'te re in snudowing effects cain be, attributed to Hte Use

p .:,?' fir'. v g [isu ninu, sti rts'cL' definitioni.

2 BS_

I igure, 15. ( onipa risen of
:- hadov. iug L fft c ts fotr the

T DeI)finitions, T, .500 nr,

0 100 Ill

)I i......I tion 1 -n~zthr. ,fi.x~wa t to 9 t'Iidii 1, Mi

p h F15. 1 1.[i value ta seleucted

~Adios of iJ 1 'n:1r' equivalcrnt to thlt

-~ e ii' r(mp rs.on %'ili h-' li.st usscd in Inrnf

lrs'''~sion is -ut genera i' ssess ment oif ti

- t I h ti !cngIt d( initiorts ri)ti' that these results hr;%,

p ~ b :( if'; 1:, tar 2. 1).

* .t -kir ri .rirl >pizl. A i no definition, Figure 4 shows the typical in-0

I'l nd';'-pxr-,.tiIcesn . T~he -hift in Cutoff from 583 kmi
2 2 2

I1t,.,I'- : 'I ' 't 1-A, -f t'til I ni t 10 ill I or a tOO tit

* 2:3



C: I i -i nta L; 10 ill- I ig!urc 5). 1 tuose iluts, Lt, 1 c It: .b el

"I .1ig ul i I- UkIlft Ltllt A sofllc IirigvS £I ii~d i ~iI 'lc IS 11104 i',ic

able flu' U I In Therc was no ffCt for' *Intclno Sepi f.,ttoI3 leSS tonil 55 kin; In

thle Buckiann-ipizzicfiino resultS While full integ ~i tion snows that aIctUally th(C', eIS

alay ingulaz i 'fot piresent. ( )f uti lticu I nV Il itit- Pest ilt 0 1tS h c t' 2 10 1: 1

1:0 . thait Case, thle two de-finlitions have ditfi ent it suits n tiv to-1 - 16 Kil. I

grouater di stances. thle BeckniLtnn and 'Spizzichino definition yields glistening sil-

tarce lengths thalt encompass thle significaflt (j r-egions aind lt 'no f'a e ieCSUltS eq uI'.. -

lent to thle full integlration CaIses.

We close the discussion on the behavior at T- 1583. 1 14 1,. hv examnring the
effects of shadowing. ('ompairison of I-iure 6i with Fii 's4 and ) confi i-ins that

again thle effect of shadowing is thle same for- either' definition of glistening survface

length. For- both definitions, thle shadowing r-esults in a dee reuse in u,, onl% for

u 2=100 il and then onlY for, R 20 kml.

3.2 Resuilts for Fixed a2 and Variable TI

In this section the behavior of multi path e ffec'ts are( cons i' Icred for !i -xd valuies

tf u 2with varvi nl_ F with the same set of' conditions as- ini Sect ion :3.1

Figure 16 shows the changes in U as a Ftoetion )f range to r the lieckmann-

.p3z rhino definition when uT 10 nim and 'I' is inc reais- from 1 m to 500 Ill. As 'I

increases, beyond ' = 100 m * a cutoff in CF, occuf'5 *vIii ch then appear-, at szuccessi1ve-

lv Larger ranges. As T increases for thle extended ieiigth def'inition (see Figur-e 17o

there is a similar tendency towards a decrease in a 0 at short ranges as I1 increases

but no cutoff occurs at any T value. The analysis of the differ-ence in results is

simiilar- to that introduced in Section 3. 1

The preceding discussion has been for the case wher-e tlmer-e is no shadowing

in thle model. Figure 18 mnt roduces the e ffect of' shadowing f'oi' a 10 Ilm and a

range of T values . For 'I I in and T 10 m~ there is an appi'eciab'e shadowing

effect. As T increases. the sha1o% ngy effec't lessens~ and is signiificant mostly at

longer ranges until for T r 500 im, there is no effect. The behav ior is similar-f t,

both sets of glistening surface definition. I his c-an be seen bv comparingl thle two

T= 10 m curves of F~igure 18 with their, respective unshadowed ones in Figures 16

and. 17.
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AZIMUTHAL ERROR (DEG) VS RAN,5E (K M)

TTnT

02 - 02

G Tni 1 T 0'4

q "0 4) 4 0 "' " .

T T

T iOM 7 200M

00"l 0

T T
TI1lOOM 0 T=500M

02 02-

00 O0t
9 20 3D 40 t,' 9 20 30 40 50

Figure 16. ar Behavior for the Case of BSL
20 2

Definition a 10 m , and No Shadowing

2 2
Computations also were performed for the case of or 1 m , and T varving

from 10 m, to 158. 114 m. The behavior of u(i and diffuse power vs range is

analogous to the case where 2 was fixed at 10 m 2 and T is increased from 100 ni

to 500 m. The coherent scattered power, though, is closer to flat surface conditions
2.

since 2 is less. Thus, the u P curves have the corresponding oscillatory structure

superimposed on the general variation. The general comment can be made that,

for fixed u"2, the effect of shadowing decreases as T increases since this corresponds

to a decrease in surface slope (WIT). Also, the shadowing is more pronounced at

longer ranges which represent smaller grazing angles.
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real terrin l) rotugh surtaces and the behavior .)f the sun pattern cohlerent power

a-; a !unction 4 the svsteni parameters. -- 4

-1.I Al\ Iti(Ie f i i I\neinaS

4. 1. 1 A UNIFORM lROUGHI SURFACE

In this section, it is assumed that the entire geological region is uniform, at02= 2
zero mean height, that 0 10 m , T = 500 ni, that there is no shadowing and that

the surface heights are exponentially distributed. In Figure 19, the effects of

antenna height variations on t1, are shown for both length definitions. The first

column of graphs in Figure 19 corresponds to the Beckmann-Spizzichino length

case, and the second column corresponds to the extended length case.

AZIMUTHAL ERROR (DEG)VS RANGE (KM)

T I
HT= 120M HT= 120i I E02 BSL 02, EL

-r t

00 -- 0 0 , -'
9 20 30 40 50 9 20 30 40 50

H T:1220M HT 1220M

02 - BSL 024 EL

00 00
7 , C 43 t3 9 21 32 40 50

4-1220M H A='
22
0M

i02-B 02t EL

'40 DETECTABLE EFFECT

00 , -O0 i ,
9 2C 30 4' 51- C 20 30 43 50

Figure 19. The Effect of Relative Antenna Heights on Cr Behavior

for Bo,, Ueiticns. Uniform Surface With T 500 m and 2  10 m2
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For the Heckmnann -Spizzichino ILitlti I I!- 1 t'! - ;J!4! S' Is

snialler as It. increases and thle U ri' leveilns a irl -hw hi "it !t-

increased, thle length of tile ,listenin-, hu'30ir~))' . :All -In!0

difueov*er I,or ' at anyv ranlge. l-or Ixi a 'V. y

irower and JT lecrease, as either It Or H is frr.as~. ill., rk-111 .'*<

:ttiitatulc !,< a decrease Ii thle The .'c l- ii!u-rt

l'iigxre 20 shows thle behavior o: tht K itrnse ew"el Cotr thle two( .-*it! w( tvi,

and different relative antenna hei guts. I hie extended length tereiii(,n cc - U. ed vi

no sadowng i preent.The gr'aphis on tile right of l'i ure 20 hxThurxa

and nonuniformn surface results for thle duial antenna height condition. [1he rex '

are quite similar. Those of the uniform- surface are sligh-tly higher f~rallrne.

with the greatest difference being at the vii-initv of thle dtip at 12 knm. A !)I, dip i we4

to local vanishing of the width of thle glistering -;urface. l-or the I), h-i iil ,0 I-;(

*shown on the left, the two Curves are, againr srm ilar Ii behavior, w~i ij .- unriiri:,

surface generating slightly more diffuse power. The curves no longer :;how --.v ioca

mninima. Lowering the antenna heights increases thle %vaine of I' at carigo lessi

than 1? krn. with a miore rapid fall off w ithl range, bevonat that point. "I lu5 is r,

due to chan -ing the specular point since the uniformi surfare case srASsiriirrc

behavior.7

DIFFUSE POWER (WATTS! VS RNGE,'.MT

10-12- 16 
2  rDABS STE

,614 - 24 :4
9 2 3040 0 9 20 3040t

HT: 120M HT: 12?OM
UNIFORM SUMCE UNIFORM S.JRFACE

1j0 Th5 '
16 5ODMT: 500M

612 9
2  KIOM

2 601=l(#2

9 2b aD 405 20 -30 40 50

Figure 20. The Effect of Relative Antenna Heights
on Diffuse Power for Both Surface Types, EL.
Definition and No Shadowing
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•. 1.2 NO\ L Nil ki) I l Ii I.\ N

,.'Iiti ore. , pon't t i actual tooL'raphi tata base (.Pe Appendix A) instead of'

Alt K: r 1atoiinmau )t' i ture I ( how s that tor both tefinitions there are abrupt

,s, I IIat Ions in )lts o, (. vs I w he l both antennas are near the surface. These

Variations are dut to rav [ockae (tglobal shadowing) of the specularlv reflected"

rav 'ue to the unevenness 1)t the terrain; the blocking results in abrupt variations

,l the ,01htrent sum sii, and cons,'quent iv in U,. Consideration of the case where

both aittrlnnas ice cost, to the surface in Fiwure 19 might suggest that there should

be several ost.ilations in a as R varies from 10 km to 55 ki. However, this is

not the case, because here the mean height of the terrain. Z - 60 m, whereas for
he tifhorn: reion ( -i rure 19) 7 0 n. It will be shown in Section 4.3 that, for

= 60 m -there are only one o)r two oscillations in 1.) between 10 km and 55 km.
7 6 m. hetCOIl

Next we consider the dual antenna heigshts case. For the Beckmann-Spizzichino

length case, the cutoff in (, as H T increases (see Figure 19) occurs for the non- 4
uniform region results also. Similarly, extending the length of the glistening

surface also results in a noticeable change in behavior of oi for the dual heights

lase. I inaltv, tor both antennas at a large distance above the surface, the extended

length result for the average value of u, vs R is approximately the same for the

nonuniform surface as for the uniform region. This does not hold for the Beckmann -

Spizzichino case since there is now a significant extent of ranges for which a0 is

lete(,tabI.

-4. 1. :3 IH I.:I't.' ECTS OF SIIAI)OW IN(;

The topic her(, is tile effect of shadowing for the various heights and surface

,onditions when both definitions of glistening surface are used. The top row of

graphs in Figure 21 show the results for a with shadowing for the two types of
0

surface with both antennas close to the ground. Since both definitions lead to

similar effects for that case, )nly the extended length results are shown. Compari-

son f)f these two graphs with their corresponding unshadowed results 1n Figures 10

and 1, reveals only slight decreases due to the shadowing with a slightly greater

,.tect tor the nonuniform surface. The second row of graphs in Figure 21 show

the result tot- i with shadowing for the nonuniform surface when both the antennas

are at a Large distance above the surface. Both definitions have been used. Com-

parison of these two results with the corresponding unshadowed cases in Figure 10,

confirms that there is no noticeable contribution from shadowing under either

definition for this ante nna (configuration.
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5.ANMA %DCNI IN

I o suimmoarize the results of' these studies, we starFt with discusstins of' the

'I te ) aspects. Pi rst, there is the behavior of' JP as a function of' the surf'ace

di st arie frotm the receivye r. It is found that, f'or both tv pes of' s urface height

iistr ibution, graphs of' P vs range, for- a fixed t ransnmitte r location exhibit a peak

at the specular point for, small iJ1ratio (see Figure 3). This peak becomes less

pronouncedi a-, the ratio (UP I") becomies larger,.

Next. f'or both exponenitially and Gaussian distributed surface heights, the

bphavior of the diffuse power P IAFFis a f'unction only of the ratio (01 '). The

coherent power. 11'Coll is a function only of' (J/A. *rhe azimuthal angle pointing

e-rror. F is a function of both P(,(),, and P DIF'For all altitudes, the effects of

extending the length of the glistening surface on the behavior of P )IFI' and 9,vs H

becomes more pronounced as the ratio crIT becomes smaller. For small U/T and

both the dual height and high height antenna conditions, differences in P of as
[DI F F

much as 50 dB1 have been observed. For these cases, the Beckmann -Spizzi chino

definition of length may be such that the glistening surface does not include those

regions which contribute appreciably to u' (see Section 1 and Figure 3). In contrast

to the PT!~ behavior, as the ratio O/T becomes smaller the effects of shadowing

become less pronounced for the two surface height distributions.

The second area of discussion is that of the two glistening surface length defi-

n~itions. Consider the effect of antenna height. For the Beckmann -Spizzichino

length case, the length of the glistening surflace becomes smaller as either the

height of' the antenna or the height of the transmitter is increased. Hence, using

the extetided length definitions chlanges the behavior of'P and u.vs R for either

the dual or higrh height conditions, while both definitions lead to equivalent results

or tho lomt he i cht
SomCCe length rtitts do not depend on relative antenna heights or sutir ace heialht

distri bution. Fi rst , the e ffects of extending the length of the alisteningT ,ur face are

niore orotriouti ed at snort ranales than at long ranges. Second, extending_ thle length

)thle QlisteningL surtFace has n1o irect influence onl the effects of shadoWitiL. Also,

lor both le)Lth lefi titiotis, the effects, of' shaidowing~ are moire s;iaiiatt at lot1LCet

Ac!hfit Is tint area is hfat of coherent pow~er. orsiall and tirolerAte kvslie,

.1 J. tiher. tre -; Illion.,Ci In vs R lue to constructive and~ festrutit ixtter-

'erence between the direct ray andl the specularly ref'lected ray. I hie ostillationls iii

1,CM iwrk-a-st in amhplitude( and decrease in f'requencv as R in creases. I11 ft esult

i iS is i t iI ' t~'~.F )nf t if C 5 'iF-ttis a p sA i rI t thIe %-3tri at i r o I X IS oH y s 1 it - rp1'

;s slt fitir iiiil catt(-rod -,i),er. A li ieretit coherentt fookkt' t~hvr~o'lrirn,)r Cs
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I- r. i It

.N 1en i_ lzie tO') In ot t-c '-e r rLstnllLIjtticlcp )rl115 .010'IrI '4II t '

o11ariz.atiton ar o 'rn ploet v analolzous to thosi' ion vert i '-1at ni'itn. 'Ihc .- u-ies

''-id to tine Lertevi' assertion that there is le ss rfilttuselv~ s- tltterei :v- r and c~

i~ ntftlial. trt'[ , accuracS v Olic't The j:1i'lod ' i " I I is~ %j- 1 ; :11 ii . f!.

lif, t ( (it o t he ct rnhorativ C aItl-; I s o(it 11hi, as ptct Ai, e :1 tl~ '"1-- -H olu.;o

'htL the( -tiects o!' sptcular irnuitipath tor vertical Fpotariz.Atitiin ro-ut hittet'

r !a k i i i vr !r ti:tit - a tf si A I'I r -ad(Ia i- v-iei i. Thi v, I IV I - I t -at I It

W I' e ttii s1! us55 i the raintpes-4u itt tura i n st ati st ics ,il i sr parva mete r. fon

'hrli tue usu,1al dekflnit iul ji glistenir'., .uffpi-- jength ,nav !'SII te -ignit'i alit tinder-

('tillltliiol the illuse w atterel pow'er arid azt;i~utiiat ;~)iinti'Ii I'n' I. ie m ag -

.1le te o f,(fe-t aso0 latend a ith liriereiit r.u-u~i or :rviml hirio:it has

also been as sess ed. A num~ber' oI a hiJt ii tua as ;pC tn in.sii to hP re.s Ijved. in h

,resent studyv the ,vidth o!' the glit;teniri, -,surtac, A- -.s leicJ hne I)'10 , 'SI

Spizzichin relat ion. Inasmuch as thle length doiition ha:5 Ir.t-),(f A) be ona-Ie'llatc,

in mm ari'' CaSes It int, ma\ :Its() e t rue that reinov I g thle width olis tm's n! nav a! ton tbe

tiult:i oI the scaJtterng. 'this -an be expiote b li,1( ludlip an1 air211;a euv. Iiatiin

ill in thle cai,;uiations. Aonther as pect I hR! a ii ht- i nvesti gateni 1: tile dep:o 'i

-snri it iv'itv of the results to ( farnges in the dieect r -. nstantSi l ult ii%'m

s urface f'eatures. 'Thi s w ould corn's pond, for exarm pe, to conzide rat ion of tlie

Oe cl of' mioi .ure cintent inl the s;oil.
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Appendix A

Scattering Model

The results of this study were obtained from a sophisticated model describing

the multipath effects associated with scattering of a signal by rough terrain. This

model includes such factors as: (a) azimuthal and elevation power patterns of a

monopulse receiver (see Figure A l); (b) the spatial nonuniformity of the rough

earth; (c) nonuniformities in the glistening surface; (d) possible multiple specular

reflection points due to unevenness in the surface; (e) the surface height distribu-

tion characterization and (f) both global and local shadowing effects.

The program normally uses system parameters associated with the L-band

Discrete Address Beacon System to allow comparisons with experiment. These

are defined in Table Al and Figure Al. External inputs include the complex dielec-

tric constant for each surface area, the coordinates of the monopulse receiver,

the velocity and initial and final position of the aircraft containing the transmitter,

and a parameter to control the effects of shadowing.

The description of the model may be divided into two major topics. rhese are

the techniques required to assign appropriate statistical properties to the terrain

and the specifics of the electromagnetic formulation. Each of these aspects re-

quires some discussion.

There are several surface feature contributions in t' model. Analyses of the

scattering from rough surfaces consider the surface heights in the region as pairs

of scattering elements and in most cases, including this study, assume that the

height distribution can be described by either a bivariate Gaussian or exponential

probability density. These two bivariate densities have the forms:
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si Ii , t uIt(cn:iv hyp othi s es 'St IS 4UI cqialent 1( u li nliH it n'I (ro , )bi b iIit%

( rite nion .%he(,re it is eqUal I l IikelIy thait e-ither- diisitY is- the :ip prop ri te on,,.

l oft tIle con p a rison 01 t Ilet St. ittte rinfg thet) ry w IithI theI ex p(eri1, r tt these techII-

niques had to be applied to thle te Irat it the Caiste rn Aid Ssacirrusetts Site. A datta

base of topog raphie elevaitions for, this i rez, is i vtilaiblc it thle L lee troniagnetic

(ornpa tibilityv Analysis CienterIl 11 ( in Annapolis, f'.l vla nd. I[his was prepa red

fromt digitized telrazin maips supplied by tuev I efense Ai~pping Agency iDAIAh . The

arpea of inte rest is divided into rectam uiar cells, eachl with sides of about 2 kml.

l'ach cell is fu ithe r- subdivided into a, 10 by 10 L2 vid of points. Thel( sta tisticel ma ~lv-
s is is then aipplied to the indiv idual coelkI.

The staitisticail data for- ra tci cell hi s bee n recorded on at computer tape for, use,

with the pi-ok raini for- the elect rolune ,,tie anAlvsis. La cli eel! is rep resented b;
seven desc rip~tors. [he first two entries a ie thre lx,y) coo rdinates for- the centeri

of' thle cell. Next is thle geolog icr Icode (dielectric constant) for- thle cell. ( TLhe

predominant feature is woods: theire are a number, of cells containinig clusters of

lakes aind ponds aind at few town sites with aissociat td clea red areas. ) '[his is

followed byv the, mean and varia nce of the( heights in the cell and the estimated co r re -

lation length, 'r (the units of length i re in miete is). [he final q nantity is the result

of thle hy.pothesis test.

The tra jectorvy of the bra eon aircraift is inco rpo rated into the computer- prog ram

and ajt eachi range point for- which a calculation is to be made the required cells and I
their desecripto rs aire then identified. These results, or- in the( gene rai case, the

equivalent set of input paire mete rs a re then used in thle electromagnetic analYsis.

The cAIcula tion of thre electromagnetic fields hia! two distinct elements. Vi rs t,

the tota cohe rent electric field I at the receiver is calculated using the sumn

patterin of the receiver antenna in thle following expression:

1. 1 ( M 1  ek A R~ (A I

it( re

L. direct path electric field at the receiver,

G (A O gain of receiver, in direction of roultipath ra y, where 0 Is

the angle between tit(e dIirect ray aind mul tipaith ray,

l{ -attenuation factor affecting coherent reflected wave due to

4 surface roughness,

=I complex I resnel plane wave reflection coefficient,

k =2 7-,/A , and

ARl difference in path le-ngth between diret ray and reflected ray.
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The summation over j represents all possible specular reflections (there may be

more than one, due to unevenness in terrain). Here, coherence means there is a 0
known phase relationship between the LEAl field leaving the transmitter and that

reaching the receiver.

The next aspect is that of the diffuse power. The diffuse power in the mono-

pulse difference channel is calculated from the expression'A/;\ .\ "'Ol'r-\i~c,k"ff (0 :° Gt{0 1
1). 1 I' 4(S5 H I

Gtl G0 IJt~. ,0.,, tO 1. 0 2() A2)

R I R, 2

Vhere

N = system processing losses,
1 " = tra n s m itte d po w e r, 0 -

wavelength.

, gain (power) of transmitter in azimuth (isotropic pattern),

AZ(;t gain of receiver in azimuth (difference pattern, Figure Al),

GLt. = gain of transmitter in elevation (isotropic pattern).
TI

= gain of receiver in elevation (Figure Al),

clevation angle between boresight and point on glistening

surface for transmitter,

,9 =elevation angle between boresight and point on glistening

'u rf~ce for receivet,
R r ange between transmitter and poin' on glistening surface,

- range between receiver and point on glistening surface,

dS = element of area of glistening surface which is

illuminated bv beacon,

O azimuthal angle between boresight and point on glistening

surlace for receiver, and

IP 2  azimuthal angle between boresight and point on glistening

surface for transmitter.
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the relative complex dielectric constant of the surface,
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r.Oaid wid ti o f the iet'Ict,1v r f)i'( S(0i, t O thIl ( hi !1( bl 1i)t 0 2 1-'ridl dlitlts

'l t tlth p o'C t c ll'igi dist txibte d. I o ii' t ' COndito n ot th It' DAB S ten,

-Ua

the decorrelation time of the diffist nultipa th p -we is of the otider otf 10 - sec,

and the interpulse period is of the order of 10 - sec. Also, for tie I)AI> experi-

nient test site, the spectral width of the diffuse multipath power is of the order of 4
100 liz, and the bandwidth of the receiver processor is about 5 - 104 Itz. This

shows why even narrowband Doppler filtering cannot reduce the diffuse niultipath

power in the radar resolution cell containing the target. L nder these conditions,

the total amount of noiselike interference N1 in the radar resolution cell containing

the signal is given by

N 1 .) 1 + A)

whe re

N = Noise power from environment plus receiver. *.
0

The error, o, in azimuthal angle pointing accuracy is given by the expression

of Barton and Ward:1?

n 9 STI I "

V ftw cc2

azimuthal beanwidth,

i-U.b = t '(( iN I = signll to interference rati) in the differenc crianne l.

-s coherent poWer" in siin channel,

i - normalizt-d pattetrn slope.

. " , K. , and \% a rd, If. li. )1969) Handbook of Hinda:- \lca :.-el:wtnt,

.rg t..Wood Cliffs, New itr.e,, 1'rentice- Hall, Inc.
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